Microarray gene expression profiling is a powerful tool for generating molecular cancer classifications. However, elucidating biological insights from these large data sets has been challenging. Previously, we identified a gene expression-based classification of primary uveal melanomas that accurately predicts metastatic death. Class 1 tumors have a low risk and class 2 tumors a high risk for metastatic death. Here, we used genes that discriminate these tumor classes to identify biological correlates of the aggressive class 2 signature. A search for Gene Ontology categories enriched in our classdiscriminating gene list revealed a global down-regulation of neural crest and melanocyte-specific genes and an upregulation of epithelial genes in class 2 tumors. Correspondingly, class 2 tumors exhibited epithelial features, such as polygonal cell morphology, up-regulation of the epithelial adhesion molecule E-cadherin, colocalization of E-cadherin and B-catenin to the plasma membrane, and formation of cell-cell adhesions and acinar structures. One of our top class-discriminating genes was the helix-loop-helix inhibitor ID2, which was strongly down-regulated in class 2 tumors. The class 2 phenotype could be recapitulated by eliminating Id2 in cultured class 1 human uveal melanoma cells and in a mouse ocular melanoma model. Id2 seemed to suppress the epithelial-like class 2 phenotype by inhibiting an activator of the E-cadherin promoter. Consequently, Id2 loss triggered up-regulation of E-cadherin, which in turn promoted anchorage-independent cell growth, a likely antecedent to metastasis. These findings reveal new roles for Id2 and E-cadherin in uveal melanoma progression, and they identify potential targets for therapeutic intervention.
Introduction
Uveal melanoma is the most common form of eye cancer and the second most common site for melanoma (1) . This cancer has been the subject of intense interest over the years due to its distinctive metastatic pattern. Up to 50% of uveal melanoma patients die of metastasis, which usually involves hematogenous spread to the liver, despite successful treatment of the primary eye tumor, at which time microscopic metastasis has already occurred (2) .
Metastatic disease usually is not detected for 2 to 5 years after ocular treatment, allowing up to 30 tumor cell doublings and the accumulation of a massive tumor burden that is resistant to therapy and causes death within 5 to 9 months (1). Therefore, uveal melanoma is an ideal tumor for studying the mechanisms of distant metastasis and the efficacy of treating high-risk patients prophylactically for metastatic disease at the time of initial diagnosis rather than waiting for clinical detection of metastasis. However, this strategy requires an accurate method for identifying high-risk patients.
For many years, the histopathologic features of uveal melanoma have been scrutinized to identify factors predictive of metastasis. In 1931, Callender noted that uveal melanomas often contain epithelioid cells (3) , which were strongly associated with a poor prognosis. In 1992, Folberg discovered that ''looping'' patterns of extracellular matrix were also associated with metastatic death (4) . Although both epithelioid cytology and looping matrix patterns are now firmly established prognostic factors, neither is practical for clinical decision making because they are subjective and nonquantitative and form a continuous spectrum without clear-cut pathologic stages (5) .
In the search for other prognostic factors, researchers found that loss of one chromosome 3 in tumor cells was highly predictive of metastatic death (6) . This was the first objective, discontinuous and highly accurate prognostic feature, leading researchers to speculate that, despite an absence of discrete pathologic stages, uveal melanomas may nevertheless form discrete genetic subtypes. Using microarray-based gene expression profiling, our laboratory and the Lohmann group independently found that primary uveal melanomas cluster into two distinct groups that we have designated class 1 and class 2 (7, 8) . Class 1 tumors were associated with an excellent prognosis, whereas class 2 tumors were associated with epithelioid cytology, looping matrix patterns, monosomy 3, and metastatic death (7) (8) (9) . Hence, this molecular classification may provide a unifying and practical format for grouping uveal melanomas by metastatic risk, and it provides a gene expression data set that can be exploited to identify functional themes that distinguish the class 1 and class 2 tumors.
In this study, we searched for functional themes underlying the gene expression classification. The weighted list of classdiscriminating genes revealed a broad down-regulation of neural crest/melanocytic genes and up-regulation of epithelial genes in the class 2 tumors, which also exhibited other phenotypic features consistent with epithelial differentiation. Perturbation of at least one of our class discriminators, the basic helix-loop-helix inhibitor Id2, recapitulated the class 2 phenotype in cultured uveal melanoma cells and in a mouse model. These results illustrate the possibility of unraveling biological insights from large-scale gene expression data, and they provide a groundwork for understanding mechanisms of uveal melanoma metastasis.
Materials and Methods
Tumor samples and gene expression analysis. Institutional review board approval was obtained. Fresh tumor samples were snap frozen, total RNA was extracted, and gene expression profiling was done using Affymetrix (Santa Clara, CA) Hu133A GeneChip as described (8) . Data are available at http://bioinformatics.wustl.edu. Probe set expression values were log 10 transformed and scalar normalized by the mean. Id2 and Ecadherin RNA expression was analyzed by quantitative real-time PCR with Lux fluorogenic primers (Invitrogen Life Technologies, Carlsbad, CA) using glyceraldehyde-3-phosphate dehydrogenase as a control (sequences available upon request).
GeneSifter (http://www.genesifter.net) was used to generate weighted lists of genes that discriminated between class 1 and class 2 tumors and to identify statistically significant overrepresentation of Gene Ontology (GO) terms, defined as z-score > 2, where
(N is the number of genes measured, R is the number of genes meeting selection criteria, n is the total number of genes measured with the specific GO term, and r is the number of genes with specified GO term meeting selection criteria). Spotfire DecisionSite 7.0 was used for principal component analysis. The Affymetrix (http://www.affymetrix.com) and National Center for Biotechnology Information (http://www.ncbi.nlm. nih.gov) Web sites were used for extended GO analysis.
Microarray comparative genomic hybridization. Genomic DNA was extracted using the Wizard kit (Promega, Madison, WI). Comparative genomic hybridization was done by the Microarray Shared Resource at the Comprehensive Cancer Center, University of California at San Francisco as described (10) . A log 2 average raw ratio of > j0.5j was used as the threshold for significant DNA copy number deviations.
Histopathologic analysis. Tumor samples were formalin fixed, paraffin embedded, and stained with H&E. Tumors were ranked by proportion of epithelioid cells as described (8) . Immunohistochemistry was done using antibodies against Id2 (Santa Cruz Biotechnology, Santa Cruz, CA; 1:250 dilution), E-cadherin, and h-catenin (BD Transduction Laboratories, Lexington, KY; both 1:500 dilution). Immunostaining was scored in a masked fashion by staining intensity and proportion of positive cells.
Methylation-specific PCR. Methylation-specific PCR was done on genomic DNA from fresh tumor tissue as described (11) . Methylation was quantitated by densitometry using One-DScan (Scanalytics, Fairfax, VA), and the ratio of methylated/unmethylated DNA was calculated for proximal and distal CpG islands (À100 and À3,200 bp from ID2 start site).
Survival analysis. The optimal Id2 expression threshold by maximizing sensitivity and specificity for predicting metastatic death (1,714 GeneChip expression units) was determined using receiver operating characteristic curves, allowing tumors to be discretized into low and high Id2 groups. Survival analysis was done using Kaplan-Meier curves. MedCalc 7.2.0.2 was used for all calculations.
Cell culture and soft agar assays. Mel202 and Mel290 human uveal melanoma cells (gift of B. Ksander, Harvard University, Boston, MA) were transfected with the expression vector pCMV-CD20 (gift of D. Dean, University of Louisville, Louisville, KY) plus empty pCMV-neo control or Id2 antisense expression vector (gift of A. Iavarone) described elsewhere (12) . Primary class 2 human uveal melanoma cells were transfected with an Id2 expression vector (gift of A. Iavarone). Transfections were done using Effectene (Qiagen, Valencia, CA). After 24 hours, transfected cells were placed in selection medium of RPMI 1640 (Cambrex, Walkersville, MD) with 10% fetal bovine serum (Biosource, Camarillo, CA), antibiotics, and G418 (RPI, Mt. Prospect, IL). Cells were plated on coverslips and immunolabeled using antibodies against E-cadherin (BD Transduction Laboratories; 1:500 dilution), CD20, or Id2 (Santa Cruz Biotechnology; 1:500 and 1:1,000 dilutions, respectively). For soft agar assays, cells were grown in selection medium for 7 days and then plated onto 12-well plates containing 0.3% agarose in the same selection medium with or without the DECMA1 E-cadherin blocking antibody (Sigma-Aldrich, St. Louis, MO; 1:1000 dilution). After 6 days, cells were stained with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Sigma-Aldrich) to identify viable cells. The number of colonies containing z4 viable tumor cells was determined for at least ten Â20 fields in triplicate plates.
Luciferase assays. Mel202 and Mel290 cells were cotransfected with E-cadherin promoter-luciferase reporter constructs and either the Id2 antisense vector or the control vector. Reporters were driven by the human E-cadherin promoter either wild-type or containing mutations in E-pal, Ebox2, or all three E-boxes in the promoter (gifts of E. Fearon, University of Michigan, Ann Arbor, MI), which are described elsewhere (13) . After 72 hours, cell lysates were tested for luciferase activity as described (11) . Experiments were conducted in triplicate.
Analysis of mouse ocular tumors. TyrTAg mice (gift of D. Albert, University of Wisconsin, Madison, WI) were crossed with Id2 +/À heterozygotes on the 129/Sv background to generate TyrTAg mice with all three Id2 genotypes. Status of TyrTAg transgene and Id2 genotype were ascertained at age 4 weeks by PCR analysis of tail DNA as described (14, 15) . Mice were euthanized at age 6, 9, and 15 weeks, eyes were formalin fixed and paraffin embedded, and sections were stained with H&E or periodic acid-Schiff (PAS) or immunostained using the E-cadherin and h-catenin antibodies described above. Epithelioid scores were calculated as mean nuclear circularity for 90 random tumor cell nuclei measured from Â1,000 digital images using ImageJ software (http://rsbweb.nih.gov/ij). Mitotic indices were the number of mitotic figures per 10 random Â100 fields. Tumor vascularity was the number of discrete vessels per 10 random Â40 fields.
Results
GO categories associated with the class 2 gene signature. Gene expression profiles from 18 class 1 and 12 class 2 tumors were generated using Affymetrix Hu133A GeneChip and analyzed to identify differences in gene expression patterns between the two tumor classes (clinical data summarized in Supplementary Table  S1 ). A median call P V 0.05 was used as a quality threshold and yielded 8,750 probe sets for further study. Unsupervised analysis of these probe sets using principal component analysis confirmed that the class 1 and class 2 tumors aggregated into discrete groups (Fig. 1A ). To generate a weighted list of genes that distinguished class 1 and class 2 tumors, we filtered probe sets for a mean expression difference z1.5-fold, t test P V 0.05, and a BenjaminiHochberg false discovery rate not to exceed the P. This filtering process yielded 1,605 probe sets, representing 1,338 unique genes (Supplementary Table S2 ).
To examine underlying functional patterns in this weighted gene list, the genes were mapped to the biological process GO classification using GeneSifter software. A GO term was considered to be overrepresented in the weighted gene list if it was represented by at least four unique genes and exhibited a z-score >2, indicating that the term occurred more frequently than expected by chance. Most overrepresented GO terms were related to development, differentiation, adhesion, and immune response. Immune response genes expressed in macrophages and lymphocytes were up-regulated in class 2 tumors, which is consistent with previous work showing that tumor infiltration by inflammatory cells is associated with poor prognosis (16) . Developmental genes involved in neural crest specification and melanocyte differentiation, including Wnt pathway regulators (e.g., EDNRB and CTNNB1) and melanin biosynthetic enzymes (e.g., DCT, SILV, and TYR), were down-regulated in class 2 tumors (Fig. 1B) . In contrast, epithelial lineage markers (e.g., EMP1 and EMP3) as well as genes involved in epithelial cell adhesion (e.g., CDH1), epithelial basement membrane production (e.g., TPBG, LAMC1, and COL18A1), and epithelial basement membrane interactions (e.g., MACF1 and SPARC) were up-regulated in class 2 tumors (Fig. 1B) . Taken together, these findings suggested a global down-regulation of neural crest/melanocyte genes and an upregulation of epithelial genes in class 2 tumors.
Class 2 tumors display epithelial attributes. These results suggested that the class 2 tumors have diverged from a neural crest/ melanocyte to an epithelial-like phenotype. We showed previously that class 1 tumors are enriched for differentiated, melanocyte-like spindle cells, whereas class 2 tumors contain many epithelioid cells (8), a term used by pathologists for many decades to describe their epithelial-like, polygonal morphology ( Fig. 1C; ref. 3). Consistent with this idea, most class 2 tumors exhibited plasma membrane localization of E-cadherin and h-catenin (Fisher's exact test, P = 0.01 and 0.003, respectively), which is characteristic of epithelial cells (17) , whereas most class 1 tumors expressed low levels of E-cadherin with h-catenin localized to the nucleus and cytoplasm (Fig. 1C) . These findings suggest that class 2 tumors have acquired an epithelial-like phenotype by activating an epithelial gene expression program, a conclusion consistent with previous work showing that aggressive uveal melanoma cells preferentially express epithelial differentiation markers, such as cytokeratin (18) .
Looping extracellular matrix patterns within primary uveal melanomas are strongly associated with metastatic death (19) .
Although the pathogenesis of the matrix patterns is unknown, we showed recently that they occur almost exclusively in class 2 tumors (9) , suggesting that the patterns may be yet another marker of epithelial differentiation. Consistent with this idea, class 1 tumors treated with PAS to stain extracellular matrix exhibited a reticular pattern of extracellular matrix surrounding individual tumor cells, reminiscent of the pattern seen in mesenchymal tissues (Fig. 1C) . In contrast, PAS staining of class 2 tumors highlighted the looping matrix patterns surrounding large clusters of tumor cells. Additionally, the PAS staining showed an absence of the mesenchymal-like intercellular matrix deposition. This sequestration of matrix away from individual cells and into laminar sheets surrounding cell clusters is highly characteristic of epithelial cells (20) .
Id2 is down-regulated in class 2 tumors. To identify genes that may contribute directly to the epithelial alteration in class 2 tumors, we reanalyzed our uveal melanoma transcriptome database using more stringent criteria by prescribing a fold difference in mean expression of >5 and a false discovery rate of <0.001. This process identified 10 genes that were strongly down-regulated in class 2 tumors (Supplementary Table S2 ). This weighted list contained several h-catenin targets, including ID2, SPP1, and ENPP2, and several likely h-catenin/Wnt regulators (e.g., ROBO1, Bars, SE. Graphs are depicted on log 10 scales. C, representative tissue sections from class 1 and class 2 uveal melanomas stained with H&E, immunostained using antibodies against E-cadherin, h-catenin, or Id2 (blue, positive staining), or stained with PAS. PAS staining is displayed using grayscale images to show extracellular matrix patterns (arrows ). Bars, 20 Am.
GPR37, and IL12RB2). One of these down-regulated genes, ID2, was of particular interest because it is highly expressed in normal uveal melanocytes ( Supplementary Fig. S1A ), it is a transcriptional target of h-catenin, and it encodes a downstream regulator of h-catenin/ Wnt signaling (21) . Hence, inactivation of Id2 could account for much of the class 2 gene expression profile. Using the Affymetrix algorithm, Id2 mRNA transcripts were present in 3 of 3 (100%) normal uveal melanocyte samples, 14 of 18 (78%) class 1 tumors, but only 1 of 12 (8%) class 2 tumors (Fisher's exact test P < 0.001). Down-regulation of Id2 was confirmed at the mRNA level by realtime PCR (Supplementary Fig. S1B) and at the protein level by immunohistochemistry ( Fig. 1C; Supplementary Fig. S1C ). Low Id2 mRNA expression was associated with a greater proportion of epithelioid cells (P = 0.001; Fig. 2A ) and with metastatic death (P = 0.001; Fig. 2B) . Indeed, the accuracy of Id2 for predicting metastatic death (sensitivity = 100%, specificity = 90%) was superior Supplementary Fig. S1B ). However, we were unable to verify that demethylation of the promoter with 5-azacytidine could restore Id2 expression due to limited availability of primary cultured melanoma cells; therefore, the significance of this finding remains unclear.
Class 1 uveal melanoma cells depleted of Id2 simulate class 2 cells. To determine whether down-regulation of Id2 may contribute directly to the pathogenesis of class 2 tumors or whether it is simply a marker of the class 2 phenotype, we depleted Id2 using an antisense expression construct in Mel202 class 1 uveal melanoma cells that express high endogenous levels of Id2 ( Supplementary Fig. S2 ). Cells grown on tissue plates and transfected with an empty control vector exhibited typical melanocytic morphology and minimal cell-cell contact (Fig. 3A) . In contrast, cells transfected with the Id2 antisense vector exhibited epithelial-like features, including polygonal morphology, rounded nuclei, cell-cell adhesions, and acinar clustering, similar to class 2 tumor cells in vivo. Further, Id2-depleted cells expressed high levels of E-cadherin that was localized to the plasma membrane, typical of class 2 tumors in vivo (Fig. 3B) , whereas adjacent untransfected cells expressed low levels of E-cadherin that was limited to the cytoplasm (Fig. 3B) . Consistent with this finding, E-cadherin mRNA levels (measured by quantitative real-time PCR) were elevated in Mel202 cells expressing the Id2 antisense vector compared with those expressing the control vector (Fig. 3C) . Conversely, forced expression of Id2 in primary class 2 uveal melanoma cells with low endogenous Id2 levels abolished the distinctive plasma membrane pattern of E-cadherin expression (Fig. 3B) . These results are consistent with the idea that down-regulation of Id2 may be integral to the pathogenesis of class 2 uveal melanomas by inducing E-cadherin expression.
Id2 negatively regulates E-cadherin in uveal melanoma cells. The finding that Id2 inhibits E-cadherin expression in uveal melanoma cells was unexpected because Id proteins have been shown to activate E-cadherin in epithelial cells by inhibiting E2A proteins, which repress the E-cadherin promoter in these cells through interaction with the E-pal element (22, 23) . To address this apparent contradiction, we examined the E-cadherin promoter in uveal melanoma cells by transfecting a luciferase reporter driven by the E-cadherin promoter. This promoter construct contained the palindromic E-box (E-pal), a second E-box just upstream of the transcription start site (E-box2), and a third E-box downstream of the start site (13, 17) . The promoter was weakly activated in cells cotransfected with a control expression vector, but it was strongly activated in cells cotransfected with the Id2 antisense vector (Fig. 3D) . Mutation of the E-pal element had no effect in controltransfected cells, but it caused a marked increase in promoter activity in Id2-depleted cells (Fig. 3D) , indicating that Id2 inhibits the E-pal element in uveal melanoma cells just as it does in epithelial cells. However, mutation of the E-box2 abolished activation of the E-cadherin promoter in uveal melanoma cells depleted of Id2, indicating that Id2 also inhibits the E-box2 in these cells resulting in a net inhibitory effect on E-cadherin expression. As expected, mutation of all three E-boxes (Ebox-null) ablated promoter activity. These results may explain the divergent effects of Id2 in epithelial versus uveal melanoma cells and predict the existence of a strong activator of the E-box2 in uveal melanoma (Fig. 3D ). This conclusion is consistent with previous work showing that suppression of E-cadherin expression in nonepithelial cells is maintained by constitutive repression of the promoter (24) and that Id2 suppresses epithelial differentiation in the neural crest lineage (25) . Id2 itself does not contain a DNA-binding domain or interact directly with the promoter but rather regulates gene expression through inhibitory interactions with basic helix-loop-helix transcription factors (26) . Verification of such an E-box2-associated epithelial factor in uveal melanomas may provide a novel therapeutic target to block formation of the class 2 phenotype.
E-cadherin expression promotes anchorage-independent growth. Because anchorage independence is a fundamental characteristic of malignant cells, we wished to determine whether the epithelial alteration in class 2 tumors might promote anchorage-independent growth. We transfected Mel202 cells with the control vector or the Id2 antisense vector and determined their ability to form colonies in soft agar. Depletion of Id2, with consequent up-regulation of membranous E-cadherin as shown above, greatly enhanced the ability of tumor cells to form colonies compared with control cells (Fig. 4A and B) . Further, some of the Id2-deficient colonies formed large multicellular spheroids similar to those formed by epithelial cells grown in three-dimensional cultures (20) . Importantly, colony formation was ablated by incubation of cells with an E-cadherin-neutralizing antibody (DECMA1), indicating that the anchorage-independent growth was dependent on membranous E-cadherin expression.
Class 2 tumor phenotype is recapitulated by deletion of Id2 in a mouse model. To investigate further the possibility that the epithelial alteration in class 2 tumors may be mediated, at least in part, by loss of Id2 expression, we used a mouse ocular melanoma model in which large T antigen expression is placed under the control of the tyrosinase promoter (14) . On the C57BL/6 genetic background, these TyrTAg mice develop tumors that arise primarily from the retinal pigment epithelium (14) , but when crossed into the 129/Sv genetic background the animals developed small uveal tumors composed of fusiform cells and resembling class 1 uveal melanomas (Fig. 5A) . Id2 mRNA was expressed in the pigmented layers of the mouse eye at embryonic day 14.5 by in situ hybridization, at age 3 months by real-time PCR, and in the pigmented ocular tumors (Supplementary Fig. S3 ). Thus, these animals represented the best available model for determining the effect of Id2 loss on tumor phenotype. The TyrTAg mice were crossed with Id2 +/À heterozygotes to generate transgenic mice with all three Id2 genotypes. In contrast to the small spindle tumors in TyrTAg-Id2 +/+ mice, TyrTAg-Id2 À/À mice developed significantly larger tumors with a prominent vertical growth phase (Fig. 5A) . Interestingly, some TyrTAg-Id2 +/À heterozygotes also developed larger tumors but at a significantly later age than the homozygotes (Fig. 5A) . Even more striking was the effect of Id2 loss on cytologic phenotype. Whereas TyrTAg-Id2 +/+ tumors exhibited well-differentiated spindle cells growing in a horizontal pattern, similar to class 1 human tumors, Id2-deficient tumors displayed an abundance of large, polygonal cells reminiscent of the epithelioid cells in class 2 human tumors (Fig. 5B ). There was a strong correlation between the Id2 genotype and the proportion of epithelioid cells (Fig. 5C ). Further, E-cadherin and h-catenin expression tumors showed weak cytoplasmic expression of E-cadherin and hcatenin (Fig. 5B) , comparable with class 1 human tumors (Fig. 1C) . In contrast, the Id2-deficient tumors exhibited strong plasma membrane expression of E-cadherin and h-catenin (Fig. 5B) , comparable with class 2 human tumors (Fig. 1C) . Remarkably, the extracellular matrix patterns in the mouse tumors also replicated the findings in human tumors. TyrTAg-Id2 +/+ tumors exhibited a mesenchymal pattern of loose reticular matrix surrounding each tumor cell (Fig. 5B), similar to class 1 human tumors (Fig. 1C) , whereas the Id2-deficient tumors contained complex sheets of basement membrane-like extracellular matrix surrounding clusters of tumor cells (Fig. 5B) , virtually identical to class 2 human tumors (Fig. 1C) .
The mitotic index was significantly greater in Id2-deficient tumors compared with TyrTAg-Id2 +/+ tumors (data not shown), suggesting that the tumor growth associated with Id2 loss could be due at least in part to increased proliferative activity. On the other hand, there was no difference in tumor microvascular density between the three Id2 genotypes (data not shown), and there was no tumor inflammatory infiltration in any of the Id2 genotypes (data not shown). Thus, there was no evidence that the angiogenesis or immune defects in Id2-deficient mice (15) accounted for the differences in size and cytology between Id2 wild-type and Id2-deficient animals. Neither loss of heterozygosity at the Id2 locus nor absence of Id2 mRNA expression by in situ hybridization was identified in the high-grade Id2 +/À tumors (data not shown), indicating that Id2 may be haploinsufficient to prevent the epithelial alteration. Unfortunately, we were unable to assess these animals for metastatic disease because they developed fungating ocular tumors by 15 weeks that caused obvious distress before metastasis developed.
Discussion
These studies provide new biological insights into uveal melanoma and establish a unifying framework for understanding the relationship between previous prognostic features and the new gene expression-based classification for this cancer. Our findings suggest that the parallel changes in cell morphology, tissue organization, and gene expression profile between class 1 and class 2 tumors can be viewed as a shift from a low-grade (class 1) neural crest/melanocytic phenotype to a high-grade (class 2) epithelial-like phenotype. Although these findings do not rule out the possibility that the class 2 tumors may express genes associated with other cell lineages, the dominant theme seems to be an epithelial-like phenotype.
A paradoxical role for E-cadherin in uveal melanoma progression? Transcriptional up-regulation and plasma membrane localization of E-cadherin were key features of the class 2 metastasizing tumor phenotype. This may seem to be surprising, because E-cadherin is more often thought of as a tumor suppressor that is down-regulated during cancer progression (27) . In fact, the role of E-cadherin in tumor progression is context dependent. Epithelial cancers and cutaneous melanomas arise within an epithelium where cells are constrained by E-cadherin-mediated cell-cell interactions. Hence, it is necessary in the early stages of these cancers to down-regulate E-cadherin to escape the local epithelial environment and invade local structures (27) . In contrast, uveal melanomas do not arise within an epithelium and are not constrained in this manner by E-cadherin. Further, anatomic constraints of the eye prohibit local lymphatic invasion and require uveal melanomas to spread by hematogenous metastasis (1) . Consequently, it may be more appropriate to compare class 2 uveal melanomas with advanced epithelial cancers and cutaneous melanomas that exhibit hematogenous metastasis rather than earlier stages associated with local and regional invasion. When this comparison is made, there are striking similarities between our findings and those from other cancers.
In gastric cancer, for example, where E-cadherin is firmly established as a tumor suppressor that is down-regulated early in cancer formation, E-cadherin is often reexpressed later in cancer progression (28) . In fact, advanced gastric cancers that metastasize to the liver usually exhibit up-regulation of E-cadherin, whereas those that spread to regional lymphatics have low E-cadherin expression (29) . Similarly, up-regulation of E-cadherin is associated with advanced stages of hepatocellular carcinoma (30) and inflammatory breast cancer (31) . Likewise, cutaneous melanomas reexpress E-cadherin in later stages of tumor progression associated with hematogenous metastasis (32, 33) . E-cadherinexpressing cutaneous melanomas are similar to class 2 uveal melanomas vis-à-vis epithelioid cytology, membranous h-catenin expression, and formation of multicellular clusters (34, 35) . Intriguingly, there was a significant overlap in our classdiscriminating gene list and the genes that were differentially expressed in radial versus vertical growth-phase cutaneous melanomas (36) . Thus, it seems likely that the up-regulation of Ecadherin and shift to epithelial-like phenotype in class 2 uveal melanoma cells is not unique to this cancer type but may reflect a general strategy implemented in many cancers at advanced stages associated with distant metastasis.
E-cadherin could promote metastasis by several mechanisms, all of which may be operative. First, E-cadherin expression may allow metastatic cells to survive in the bloodstream. Most cells (including melanocytes) require interactions with extracellular matrix or with other cells to prevent apoptosis (37) . Survival signals stemming from E-cadherin-mediated cell-cell interactions can allow tumor cells to become independent of matrix contact ( Fig. 4A and B) . The anchorage independence conferred by E-cadherin may then permit melanoma cells to dissociate from the primary tumor and survive during hematogenous transit to distant organs. Similarly, these survival signals stemming from E-cadherin-mediated cell-cell interactions may create a permissive environment for accumulation of additional mutations required for cancer progression and metastasis (38) . In fact, the formation of these E-cadherindependent multicellular structures may explain, at least in part, the profound chemoresistance typical of metastatic uveal melanoma cells (39) . Finally, expression of E-cadherin on the surface of metastatic tumor cells may promote successful colonization of distant organs. For example, liver metastasis in several types of cancer has been attributed to interactions between E-cadherin expressed on metastatic tumor cells and adhesion molecules expressed on hepatocytes (30) .
Role of Id2 in uveal melanoma progression. Id2 is a dominant-negative inhibitor of basic helix-loop-helix transcription factors (40) . Previous work has focused primarily on the oncogenic properties on Id2, including its ability to inhibit cell differentiation and promote cell proliferation (40) . In reality, Id2 has diverse and complex biological effects depending on cell lineage, differentiation state, and other contextual considerations (41) . Indeed, Id2 can function as a tumor suppressor in intestinal neoplasia (42) .
Our studies provide evidence that loss of Id2 plays a role in uveal melanoma progression by allowing the emergence of the epitheliallike class 2 phenotype. This finding is consistent with other work showing that Id2 is down-regulated in melanomas of the skin and eye (7, 43) and that Id2 is capable of inhibiting epithelial differentiation in neural crest (25) and in keratinocytes (44) . Our experiments predict the existence of an activator associated with the E-box2 element of the E-cadherin promoter that is inhibited by Id2. Further studies are ongoing to identify this putative protein and to determine whether it may be a rational target for therapeutic intervention.
The mechanism of Id2 down-regulation in the class 2 tumors remains unclear. No gene deletions were identified at the ID2 locus. Methylation of the ID2 promoter was detected in some class 2 tumors (Supplementary Fig. S1D ), but reexpression of Id2 could not be validated using demethylating agents. It is also possible that subtle gene mutations not detected by our analyses could disrupt Id2 at the transcriptional or translational level. Alternatively, Id2 could be transcriptionally down-regulated as a result of upstream genetic events. Because most class 2 tumors exhibit monosomy 3 (7, 8) , it is tempting to speculate that loss of one or more genes on this chromosome may be lead indirectly to down-regulation of Id2. One such candidate is ID2B, which is an expressed pseudogene that shares f100% identity with ID2 and is located in a region of chromosome 3p that commonly is deleted in class 2 uveal melanomas (45) . The transcribed RNA from ID2B potentially could stabilize Id2 mRNA as has been shown for other genes and their associated pseudogenes (46) . Studies are under way to determine which of these mechanisms is correct.
Relationship between class 2 phenotype and looping matrix patterns. Looping extracellular matrix patterns are found in uveal and cutaneous melanomas, inflammatory breast cancers, and some other neoplasms, and they have been the subject of intense investigation and controversy, owing to their strong association with metastatic death (19) and their putative function as fluid conducting meshworks (47) . Our results suggest that the matrix patterns, which occur almost exclusively in class 2 tumors (9), may be another manifestation of epithelial differentiation in these tumors. The matrix patterns are composed of epithelial basement membrane components, such as laminin, heparan sulfate, type IV collagen, and fibronectin (48, 49) , and our class-discriminating gene list was enriched for genes expressed in basement membraneproducing cells, including CITED1, LAMC1, COL4A1, and SPARC (50). Finally, the matrix patterns bear a remarkable similarity to the basement membrane sheets formed by epithelial cells in threedimensional cultures (20) . The possibility that activation of an epithelial gene expression program accounts for the matrix patterns and other epithelial features of the class 2 tumors is an appealing idea that will need to be confirmed by further work.
